A PCR assay based on 16S rRNA sequence differences among four thermophilic anaerobic bacterial strains was used to demonstrate contamination of Clostridium thermocellum JW20 (ATCC 31549) with a Thermoanaerobacter ethanolicus strain. Therefore, we suggest that interpretation of experimental results with C. thermocellum JW20 be viewed with caution.
In the search for alternative methods of producing alcohol fuels, biodegradation of fibrous biomass by thermophilic anaerobic bacteria has been studied for the past 20 years (9, 13) . Clostridium thermocellum has been the most extensively examined thermophile (6) , but it does have limitations with regard to ethanol yield and its ability to use certain carbohydrate fractions (9) . Therefore, some work has focused on the use of cocultures of thermophilic bacteria (4, 10) . Although from the biotechnological standpoint it may be desirable to use cocultures, it is essential that pure cultures are available for study in order to elucidate the molecular regulation of genes encoding saccharolytic enzymes. However, culture purity can be a problem since cultures of cellulolytic thermophiles are prone to contamination by glycolytic, noncellulolytic thermophilic bacteria, including Clostridium thermosaccharolyticum-like bacteria (7) . Several biochemical and physiological assays have been suggested to distinguish among closely related saccharolytic thermophiles and to verify the purity of C. thermocellum cultures (7). However, these assays (e.g., monitoring butyrate formation and growth on glucose at 72°C or 30°C and testing for proteolytic activity) are time consuming and may not be reliable when low levels of contaminants are present.
Contrary to earlier findings that C. thermocellum JW20 was able to utilize xylose only after 2 to 5 weeks (7), we recently reported that this strain did not require long adaptation periods to grow on xylose (12) . In fact, 95% xylose utilization within 12 h has been routinely observed in our laboratory. Based on this observation, we pursued a search for xylose utilization genes in this strain. Screening of a genomic library prepared from chromosomal DNA purified from the C. thermocellum JW20 culture resulted in the isolation of a genomic clone (5) containing a gene with a nucleotide sequence identical, except for four mismatches, to the xylose isomerase gene (xylA) from Thermoanaerobacter ethanolicus 39E (ATCC 33223) (3), formerly Clostridium thermohydrosulfuricum 39E. Since it is highly unlikely that two distinct bacterial species have virtually identical nucleotide sequences of a gene, we suspected that C. thermocellum JW20 was contaminated with a T. ethanolicus 39E-like organism. This observation, as well as the need to routinely assess culture purity, prompted us to design an assay based on DNA sequence specificity. In this report we describe the development of a rapid and reliable 16S rRNA-based PCR assay which was employed to demonstrate the presence of T. ethanolicus in the culture of C. thermocellum JW20 (ATCC 31549).
PCR assay development. All bacterial strains were obtained directly from the American Type Culture Collection (ATCC). Organisms were cultured on a medium that included (per liter) 0.612 g of Na 2 HPO 4 , 1.5 g of KH 2 PO 4 , 0.5 g of (NH 4 ) 2 SO 4 , 0.5 g of NH 4 Cl, 0.09 g of MgCl 2 ⅐ 6H 2 O, 0.03 g of CaCl 2 , 0.5 g of cysteine, 4 g of Na 2 CO 3 , 2 g of yeast extract, 10 ml of a vitamin mixture (2), and 5 ml of a micromineral mixture (2). The stock micromineral mixture was modified to provide 50 g of Na 2 WO 4 ⅐ 2H 2 O and 5 g of Na 2 SeO 3 per liter of medium. The C. thermocellum strains were provided with 4 g of cellobiose per liter and grown at 60°C. All other strains were grown with 4 g of glucose per liter at 70°C.
Previous studies in which the phylogenetic relationships among certain thermoanaerobic bacteria were analyzed made available 16S ribosomal DNA (rDNA) sequences from a number of thermoanaerobes (1, 11) . The 16S rDNA sequences for Clostridium stercorarium (ATCC 35414), C. thermocellum (ATCC 27405), T. ethanolicus 39E (ATCC 33223), T. ethanolicus JW200 (ATCC 31550), and Thermoanaerobacter thermohydrosulfuricus E100-69 (ATCC 35045) were aligned with the Lasergene program (DNASTAR, Madison, Wis.). The sequence comparison enabled the design of taxon-specific (i.e., genus-, species-, or strain-specific) oligonucleotides for amplification of target sequences ( Table 1 ). The two generic oligonucleotides for Thermoanaerobacter (Tab-1 and Tab-2) were derived from the 16S rDNA sequence regions where the sequences from the three Thermoanaerobacter organisms were perfectly matched. The Thermoanaerobacter strain-specific oligonucleotides (39E-S, 200-S, and E100-D) were designed so that at least two 3Ј-terminal nucleotides were different for the sequences among the bacterial strains. All oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, Iowa).
Cells used in PCRs were washed and resuspended in TE (10 mM Tris-HCl [pH 8.0] with 1 mM EDTA) and boiled for 10 min. PCR mixtures (50 l) contained 25 pmol of each primer; 50 M (each) dCTP, dGTP, dATP, and dTTP (Perkin-Elmer Corp.); and 2 U of AmpliTaq DNA polymerase (PerkinElmer) in 10 mM Tris-HCl (pH 8.3)-1.5 mM MgCl 2 -50 mM KCl-0.001% (wt/vol) gelatin. Three microliters of cell suspension (0.5 to 3 g of cell protein) was used as a source of template DNA. Reactions were performed for 23 cycles at 94°C for 1 min, 63°C for 30 s, and 72°C for 1 min, with initial denaturation and terminal extension steps of 5 min each. To prevent carryover contamination, aerosol-resistant pipette tips were used for all preparations of PCR mixtures. In addition, the reaction mixtures were assembled and run in a room separate from that in which their aliquots were analyzed. To detect potential contamination as a result of the experimental technique, all PCR experiments had control reactions which did not include DNA template. No PCR products were observed in any of these control reactions throughout the study.
Detection of contaminant species. The results of the PCR assays are summarized in Table 2 . When C. thermocellum JW20 was tested with the pair of primers specific for C. thermocellum 16S rDNA, the expected 409-bp product was obtained (Fig. 1,  lane 1) . The expected-size amplification products were observed with T. ethanolicus 39E when Thermoanaerobacterspecific oligonucleotides and the strain-specific primer combination were employed (Table 2 and Fig. 1, lane 8, respectively) . The cross-species primer combinations, i.e., Cth-P and Tab-2 or Tab-1 and Cth-E, used with the C. thermocellum JW20 template did not give rise to detectable amplification products (Fig. 1, lanes 3 and 4) . This observation confirmed the high stringency of the PCR assay and further corroborated the hypothesis that the C. thermocellum JW20 culture was contaminated with an organism belonging to the genus Thermoanaerobacter. Direct evidence that the contaminant was a T. ethanolicus 39E-like organism came from the PCR with primer combination Tab-1 and 39E-S, in which the 964-bp product specific for T. ethanolicus 39E 16S rDNA was obtained (Fig. 1,  lane 5) . The same results were obtained either when freshly resuspended lyophilized cultures from ATCC were used or after the organism was transferred once in basal medium (data not shown). This observation and the fact that the other two C. thermocellum organisms tested, i.e., the C. thermocellum type strain (ATCC 27405) (Fig. 1, lane 6) and C. thermocellum LQRI (data not shown), revealed no contaminants indicated that it was very unlikely that the contamination of strain JW20 arose during manipulation of the culture in our laboratory.
Although we had not previously possessed T. ethanolicus 39E, we had been studying T. ethanolicus JW200 (ATCC 31550). Therefore, C. thermocellum JW20 was tested for potential contamination with this strain as well. No PCR products were obtained with the T. ethanolicus JW200-specific primer combination except when T. ethanolicus JW200 was used as the source of DNA (Table 2) . Similarly, T. thermohydrosulfuricus E100-69 was shown to be free of contaminants and was not detected in any other culture (Table 2) .
In parallel with the PCR assay, a culture of C. thermocellum JW20 recently obtained from ATCC was streaked on petri plates and two types of cell populations were isolated, one of which displayed morphophenotypical traits of C. thermocellum, e.g., cellulose degradation, growth at 60°C only, absence of butyrate formation, and a lack of xylose utilization even after 10 weeks. In contrast, cell clones of the second type utilized xylose within several hours, grew at 72°C, and were unable to degrade cellulose (data not shown). This provided additional evidence that C. thermocellum JW20 was contaminated with a T. ethanolicus strain.
The existence of C. thermocellum JW20 (ATCC 31549) as a coculture provides a possible explanation for the previous observation of C. thermocellum JW20 growth on xylose only after a 2-to 5-week adaptation period (7) . Apparently, if a culture of C. thermocellum JW20 contaminated with T. ethanolicus is maintained on cellulose, T. ethanolicus cells remain in the culture, albeit at a relatively low level. Since T. ethanolicus cannot degrade cellulose, it survives by cross-feeding soluble carbohydrates (e.g., glucose, cellobiose, and small cellooligomers) released through the action of the C. thermocellum cellulase complex. However, if the same C. thermocellum JW20 culture is subcultured on glucose, cellobiose, or xylose, which are growth substrates for T. ethanolicus, this stimulates the growth of the contaminating T. ethanolicus cell population and accounts for the apparent ability of C. thermocellum JW20 to utilize xylose.
Given its ease, reliability, and reproducibility, we recommend that such a PCR assay be performed with stocks of the thermophilic anaerobic bacteria prior to study, provided that their small-subunit rRNA sequences are available. Alternatively, a PCR assay employing universal rDNA primers (8) followed by restriction analysis could be performed to test for the presence of contaminants. Nevertheless, our results demonstrate the necessity of reisolating a pure C. thermocellum JW20 clone from the ATCC coculture and making it available to researchers in the near future. Having the pure culture should eliminate further misconceptions about the biochemistry of this important cellulolytic thermophile.
